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ABSTRACT

High-purity tantalum single crystal cylinders oriented Wih1] parallel to the cylindeaxis
were deformedlO, 20,and 30 percent icompression. The engineeringstress-straincurve
exhibited an up-turn at straigseater than ~20% while the samplesk on an ellipsoidal shape
during testing,elongated along thfLOO] direction with almost no dimensional change along

[011]. Two orthogonal planes wergelectedfor characterizatiorusing Orientation Imaging
Microscopy (OIM): one plane containing [100] and [011] (longitudinal) and the other pighe
containing[oil] and [011] (transverse)OIM revealed patterns of alternating crystal rotations

that develop as a function of strain and exhibit evolving length scales. The spacing and magnitude
of these alternating misorientations increases in number density and decreases in spacing with
increasingstrain. Classical crystal plasticity calculatiomgere performed tsimulate the effects

of compression deformation with and withdbe presence diriction. The calculatedstress-

strain response, local lattice reorientations, and specimen shape are compared with experiment.

INTRODUCTION

Ideally, any stress-strain behavior duricanstitutive testinghould be solely a function of
the applied (macroscopideformation, samplaistory, orientationfemperature, and strain-rate.
In compression tests, “extrinsic” factors such as sample alignment and platen friction augment the
“intrinsic” factors [1]. Although theuse oftensile specimens largely mitigates the “extrinsic”
factors,the convenience andtility of compression specimeican outweigh the disadvantages.
This is particularly trudor latenthardeningtests, in which aequential set of single slip tests
quantifies the constitutive response of a previously inactive slip system as a function of prior slip
on anothersystem. The combined intrinsic and extrinsic factors manifest themselves in the
evolution of the crystal orientation with strain, which is ideally studied uSientation Imaging
Microscopy (OIM).

OIM is a SEM-based techniquihat has been primarily appliedor characterization of the
microtexture of polycrystalline materigi8]. In this methodorientation data atesolutions= 1
pm can be acquired as a functionpafsition on a planar-section. In this investigatioiy is
applied tostudy the evolution of crystal rotations occurridgiring compression testing of Ta
single crystals and toorrelate theseesults with measured constitutivesponse. Thesedata
provide insight into deformation mechanisms as well as a means to assess the influence of sample
geometry and testing conditions on the measured constitgsgonse. Forexample, the
inhomogeneous strestate incompression specimens arising frehaten frictionwas reported
by Cook and Larke to cause anomalous stress-strain behavior [3].

The compression specimertharacterized irthis work usingOIM are of a configuration
similar to the second-stage ofaenthardening experimentsing typical engineering practice: ~
1:1 aspect ratio (diameter/height), polished diameter, lappédesurfaces, andpecimen end-
surfacedubricated with a single application of directional polytetrafluoroethy(@E-E) tape
[4]. Tests under these conditions establish a basiineomparison withthe results ofmore
sophisticated, and expensiwxperimental techniquesuch as renewinghe solid lubricant at
regular intervals duringhe test and optimizing the type atiickness of lubricant. Ultimately,



the minimization of frictional effects will increase the accuracy of extrapolatiethods as
described by Ray andallik [5] and Singh and Padmanabhan [6] émd-effect correction and
decrease the effort in their application.

A unique feature of deformation along the <011> axis of BCC metals stdbke,essentially
plain-strain condition that persists to lagfeains. Compressiocalong the[011] directionresults
in extension along the longitudinfl00] direction and very small elongatidg1%) along the

transverse[Oi’L] direction. Cylindrical sampleske on amovoid shape withirthe (011) plane.

Hosford [7] has observed similar deformations in the study of drawn BCC polycrystdiirie-
textured wireghat were first studied irthe earlyl960’s. The origin ofthis planar deformation
mode in single crystals is associated wifie fact that theslip directions ofall the potentially
active {110} and {112} slip planeare contained in a sing{@10} plane. Forthe [011] loading
direction, the potentiallactive {110} and{112} slip planes occur in symmetric paiach pair

contains botl'[ill] and [111] slip directions. This limits the plastic deformation for [0d@agling

to the(Oi’L) plane.

The two-dimensional nature of the plastic deformation is an important consideration in
assessing the influence of platen friction on the measured stress-strain responseestimgties
to accountor friction during compression testing have beemilablefor over 70 year$3,8];
however, most ofthese have assumedisymmetricdeformation. Only since thel960's have
both the necessargxperimental method®] and theoreticalanalysis[10,11] been available to
examine the influence of friction associateith more complexdeformation. Thesaimple
analyticalmethods provide valuable insight asefve as a point of departui@ finite-element
modeling. A finite-element, crystal-plasticif¥2] simulationusing a Coulombriction model of
the sample/platen interface is usedtiody the effects of friction on the nominalyomogeneous
deformation.

This paper describethe details of crystagjrowth, purification, specimen preparation, and
mechanicakesting. The OIM results, discussion athe finite elementmodeling, andoverall
conclusions are then given.

EXPERIMENT

Single Crystal Preparation

The single crystal of Ta was grown at the Institute for Solid $hyesics in Chernogolovka,
Russia,from high-purity stockmaterial provided by CaboiCorporation.The stock Ta was
further purified by zone refining in high vacuum. Tinelten zonewvasformed by electrofeam
heating from an annulalectrode and fivpasses througthe crystalwere taken, withthe last
pass seeded for growthalong [013]. The resultant crystalvas 18 mm indiameter and
approximately 200-mm itength. Each slicefor compressiortestingwas orientedusing Laue
back-reflection x-ray diffractionAfter alignment on the Laueamerathe sample and mounting
fixture were transferred as a single unit for sectioning slices approxinsaleiyymthick by wire
electrical discharge machining (WEDM). Compression cylindersapproximately 5.47 mm
diameter by4.65 mmlength werecut by WEDM from the single crystatlisks, then machine
turned to near final length and diameter. The diametere polished with 120Qrit SiC paper
followed by Super Blau metallputz paste. The ends were |dfgieahd parallelusing 1200-grit
paper to within 0.01 mm.

Purification Treatment of Mechanical Test Specimens

Impurities in BCC metals are known to have a strong effecb@chanicaproperties. In Ta,
the effects of both substitutional [13] and interstitial impurities [isdje been well characterized.
The zone refiningsteps prior tdhe single crystagjrowth allow impurities tovolatilize into the
vacuum or beswept to one end dfhe boule. Chemical analysis by glow discharge mass
spectrometryshows this methodwas effective in reducing the concentration of substitutional
impurities. A typical analysis reveals Nb and W to be the impuritits highest concentration,



125 and 45 ppmw, respectively. The other impuritietide Mo andRe, both at approximately
2 ppmw, while all other substitutional impurities are wddelow 1 ppmw. These levels of
substitutional impurities are not expected to exert a significant effect on the mechanical behavior.
The relevant interstitial impurities in Ta are H, C, N, and O. At levels of a few tqusnoiv,
these impurities cause significant increases in blothyield andflow stresses. However,
Smialek and Mitchell [14] have demonstrated that these impurities can be remdetoviahis
level by applying an appropriate heat treatment. As the last step in the preparatiechahical-
testspecimensthe samplesvere introduced into an ultra—high vacuum chambeshesvn in
Figure 1 (a base pressure of <1 x*@rr in the mainchamber, buBpproximately a decade
higher at the specimeposition). The samplesvere suspended with a wire ®&-10%W and
were heated by inductive coupling to an external B#il. The samplesvere first heated to
1800C during which most ofhe dissolved H outgassed frothe specimen and/ias pumped
away. Oxygen was then introduced to the chamber to achieve a pressure of ®u kDorder
to reactwith C atthe surface ofthe sample and remove it &0. The samplavasheld in this
conditionfor 8 h, afterwhich the oxygen flow was stoppeand the temperature of the sample
was raised to 2600C. Thehigh temperaturéreatment removed @nd N fromthe sample as
observed irthe vacuum by residuglas analysis. Two ahe mechanical tespecimens were
held for 8 h while a third one was held for 18 h. At the end of the longer time at high temperature,
the vacuum in the chamber fully recovered tobiése pressure level. Upaemoval of the
specimens fronthe vacuumchamber,they wereimmediately placed into aewar of liquid
nitrogen in order tcslow the kinetics of re—introduction of angnpurities. The purity of the
specimengvas characterized by measuring thelectricalresistivity at room temperature and at
slightly above the Tauperconducting transition temperaturetd@K. The residual resistivity
ratios achieved are in the range7®0 forthe short-time anneal artb00 forthe longertime.
Prior to mechanical testing the samples are warmed to room temperature in ethyl alcohol.
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Figure 1. Schematic of purification apparatus.

Mechanical Testing

A series ofmechanicatestsaimed atunderstandinghe deformation behavior of high-purity
tantalumsingle crystalswas undertakenQuasistaticcompression tests were performed in a
subpress with tungsterarbide platensising an Instron 1127 shdirame test machinand an
MTS 7.6-mm extensometer was usedrteasure the relative motion of thiatens. Teflon tape



was pre-loaded t®2045 kg for use as a lubricanfll of the results described hergertain to
samples tested at room temperature at a strain rate’sf.10

The engineering stress - engineering strain response of three [011] single crystal compression
samples is shown in Figure 2. These purified specimens exhibit a yreftbdrop, followed by
a nearly linear region of hardening. At approximagd¥o engineeringstrain,the stress strain
response begins to turn up. This is due to a combination of the non-linearity of engineering strain
and the effects of platen friction.
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Figure 2. Roontemperaturestress-strain response of high-purity Ta [011] single crystals at a
strain rate of 18s™.

Orientation Imaging Microscopy

The objective of th®©IM analysis was texplore the variations ifocal latticerotations as a
function of position inthe sampldor severalstrains. The ovoid samples were sectioned along
the plane containing011] and [100]to reveal the longitudinaliew. The unusedhalf was

sectioned again to reveal the transverse plane, which co[ﬂﬁjm]sand [011]. These specimens

were mounted in conductive epoxy and prepdoedOIM examinationusing standardapping
procedures.

The OIM technique is based camutomaticindexing of the backscatter Kikuchi diffraction
patterns within a scanning electron microscope. Individual orientation measuremengsiarat
discrete points on the sample, defined on a grid. At each point doesgan,the orientation is
recorded along with coordinates describing gibsition. Images (or mapsan be generated by
mapping the crystal orientatigfor misorientation) onto a color or grayscale and shadexh
point on the grid according to some aspecthef crystalorientation. Up to five individual OIM
scans were required tmver the longitudinal section amo for the transverse sectionEach
individual scan was analyzed separately and plotted in terms of in-plane and out-of-plane rotation
angles. These overlapping maps were then aligned to assemble an overall collage.

To examine local latticeotations,the Euler angleselative to a reference orientation at the
section center are decomposed to their in-plane and out-of-gdamgonents.The in-plane and
out-of-plane crystal-rotation mapfor all three compression testgeveal inhomogeneous
deformation everywhere and particularly latggice rotations in thecorners ofthe longitudinal
section.



RESULTS

Figure 3 illustrates the measured lattice rotations of the [011] specimen compressed 10% with

a misorientation scale of 0 todegrees. These threscanshave step sizes between 13 and 15
microns. The existence of features in the crystal rotation fieldsits orthe order ofthe step
size will beobserved as single pointstime OIM scan, howevertheir morphology will not be
resolved. In the longitudinal plane, rather sharp changes in crystal orientafiparédbserved
that appear to be geometric in nature anthnate at approximately °4fsom the top and bottom
corners. These features, which do appear to correspond the traces of either tH@10} or
{112} slip planes, or <111> slip directionappear early in deformation apeérsist throughout.

A second type of contragature lyingroughly perpendicular tthe above features @bserved
which is characterized by relatively smallelhanges in orientatiofr-0.5’). Of particular interest
are the alternating orientation changdsserved upon crossirggveral of theséeatures. This
suggestghe existence ofetworks of dislocations withet alternatingsign that arerequired to
accommodate thebserved rotations.Essentiallyall of the rotations measured witIM are

about the[011] axis, i.e. nesignificantlattice rotations occur out of th(éOi‘L) plane. This is

consistent withthe Burgers vector$eing contained in thebserved section.These common
features are observed in all of the specimens studied.
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Figure 3. Misorientation collage of the 10% compressed sample, longitudinal view. stether
changes in crystal orientation (3 hre observed that appear to be geometric in natureraadate
at 45 from the top and bottom corners.

Figure 4 represents eollage of thefour scans required toover the20% compressed
specimen plotted on the misorientation scale from 0 to 10 degrees. The rotatiahal@vat the

[011] axis with the largest lattice rotations occurring in ¢cbeners and prominemhisorientation
features emanatinfjom the corners. The finer-scale contrast features normal to these are more
pronounced thathe 10% compressed specimen. In additithg spacing of thesalternating
misorientations is smaller.

Figure 5 revealghe longitudinal section ddll but the300 micron wide region orthe right
side ofthe specimemompresse®0%. This image spans amisorientation scale from 0 to 15
degreesRotations greater than 15 degree occur incimers as well as dhe ends of the
horizontal midplane. Abrupt orientation changee observed throughout this figure. Of
particular interest is the approximately 5 degree alternating misorientatittmsvidth on the



order of 70 microns.The spacing, magnitudend angles of the alternating misorientations are
observed to increase in number density and decrease in spacing with strain. Specifically, at 10%
compressionthe angle between primabands isapproximately 95legrees. Thislecreases to

85 then 80 degrees as the specimetoimpressed to 20% and 30% deformati@spectively

[15]. Observed rotations are about ffd 1] axis.
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Figure 4. Misorientation collage of th€0% compressed samplngitudinal view. The

rotations are all about t{@11] axis with the largest lattice rotations occurring in ¢beners and
prominent misorientation features emanating from the corners.
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Figure 5. Misorientation collage of the 30% compressed sample, longituginalGreater than
15 degree rotations occur in the corners as well as at the ends of the hondpiahe. Severe
orientation changes arebserved throughout this figure.  Qdarticular interest is the
approximately 5 degree alternating misorientations wiitith on the order of 70 microns.

Observed rotations are about {ied 1] axis.

Figure 6 is a higher resolution OIM image of the specimen compressed 20% and shggests
the bands discussedbove are discrete ~2 to|bn wide regions ofelatively largerotations.
Thesebandsare aligned approximately 8%vith respect toeach otheibut do notlie along the
traces of theslip planes. Rotations as large as %are observed withinthe bandswhile the
intersection causes a displacement across the band.



Rotation maps fronthe transverse sectioshown in Figure 7are distinctly different in
appearance frorthose inthe longitudinalplane. Figure 7(a) is a low-resolution scan with step

size equal 1fim and scans one-half of the transverse section tihentop to thébottom. Figure

7 (b) reveals the out-of-plane rotations witar step size resolutionThe features of these out-
of-plane rotation mapare neither asharp nor as straight as those observettheénlongitudinal
section. The rotationmaps confirmthat the rotations observedare about the[011] axis
suggestingthe importance o&lip on the {112}<111> slip systems. Alternating orientation
changes are also observed on this section. Fediktelgscorresponding tdéhe 2 to 5um wide
bands of Fig. 6 are observed in Fig. 7b.
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Figure 6. High magnification OIM image of the specimen compressed 20%. Orthogonal lines in
the centeshowthat thebandsintersect at an angle < 90 Oblique lines at theop right are the
traces of the {110} and {112} slip planes in the longitudinal section.

DISCUSSION

The upturn in the stress-strain diagram alk2@% strain issimilar to thatseen by numerous
other investigator$l,3-6] during compressiotesting; however,the effectseemsparticularly
acute. The magnitude of thepturn and its occurrence eglatively low strain suggeststhat
factors other than friction may egnificant. A two-step approach shall bsed to assess the
impact of platen friction on the deformatiofirst, usingsimple analyticamodels,the frictional
contribution to the flow stress shall be estimat@the resulting parameters shall thenused as
input to a finite element simulation to gage the effect of friction on lattice rotations.

One of thefirst published estimates dfie influence of platen friction on the measufiedv
stress during compression testing is due to Siebel [8]:

OobdOflow = 1 + C (d/h), (1)

whereaogps is theobserved flow stressgfow IS the trueflow stressmeasured under uniform
deformation, d is the sample diameter, h is the sample height, and C is a constant.
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Figure 7. Misorientation maps of the 30% compressed sample, transvers&haefgatures of
these out-of-plane rotation magee neitheisharp nor straight.The rotationmaps confirmthat

the rotationsobservedare about thg011] axis suggestinghe importance ofslip on the
{112}<111> slip systems. Alternating orientation changes are also observed on this section. (a)

low resolution, 16.Qum step size scan, (b) high resolution, 200 step size scan.

Using the Tresca yield criterion afidw rule, the value of C ig1/3, wherep is Coulomb's
coefficient of friction equal to the tangent friction force divided by the noforake. Although
Eqgn. 1 is predicated ssmall values of C, its applicability is quiteoad since itvas shown by
Avitzur [16] to be identical to the upper-bound solution for the compression of a cylinder between
two rigid dies. Inboth caseghe deformation is considered to be axisymmetridsing a
generalized Galerkimethod,Hill [10] consideredhe compression of an arbitrary cross-section
for both two- and three-dimensional deformations, obtaining:

C=w3 (in3D) (2)
C=w2 (in2D) 3)

These relations were later rederived by Collins [11] using an upper-bounds technique. Thus
for agiven (d/h), frictional effectsunder 2D deformatioare50% greater than those ithe 3D
case, at least to first orderpgn This is consistent witthe enhancedpturn observed during the
essentially plane-strain compression of the [011] oriented single crystal.

The earlier occurrence of thepturn during plain-strain deformation, as compared to the
axisymmetric deformationscited in the literature, may be reconciled bgonsidering the



relationships between the applied strain and the sample aspect rékmhintwo andthree
dimensions. Forsochoric deformations in 2D it is easishown that the aspect ratio (r=d/h)
may be written as the following function of the engineering strain (e):

r=ro(1-ej2 (in 2D) (4)
while in 3D:

r=ro (1-e532 (in 3D) (5)
For samples witlthe same initial aspect ratiog)y at any given compressive strain (e) the

aspect ratio of a sample deforming in 2D is (1X#)times greater than that of the 8Rse. For
an applied strain 080%, this difference amounts to20% increase. For aapplied strain of
40%, the change in aspect ratiod8% greater in 2D than i8D. The net effect of the larger
friction factor (increased C) in 2D coupled withe greater change in aspect rdto a given
strain significantly enhances the influence of friction in 2D deformation as compaB&d té-or
an applied strain o80% the combined increase 0%, while at 40% strainthe overall
enhancement of the frictional effect is over 93%.

A simple estimate of the friction coefficient may be derivedaguming dinear hardening
relation:

0,,=0,+He (6)

whereg,,, is the true flow stress, is the initial yield stress, H is the hardening rate,sisdhe
true strain. This is substituted into Eqn. 1 and solvedh®friction factor(C). Assumingthat

the initial friction is small |=0.04) for small strains (<10%), the valuesghnd H is obtained:

0,=115MPa, H =28 MPa (7)

Using these values, the friction factor is calculated for larger valustsais. In doing so it
is observed that the value of C varies monotonically from 0.02 at 10% strain to 0.1 atr&fo
It should be emphasizdtat thesevalues of C are highly dependermgonthe chosen hardening
model, since the measured response is a convolution of frictiohaaddning. The goal here is
two-fold: to showthat the apparent rapidardeningrate can be attributed to frictiowhen
accounting for the two-dimensional nature of the deformation and to provide a point of departure
for finite-element modeling of thdeformation. In this spiritthe evolution of friction with
deformation is modeled using a simple one-parameter model describing a linear rise in the friction
factor with aspect ratio. Theprresponding/alue ofp varies linearly fron0.04 at 0%strain to
0.20 at 30%. These values are consistent with nearly perfect lubricetimly to that typical of
lubricated metal§l7] at 30% strain.The stress-strain behavigrredicted by this model along
with the experimental data is shown in Figure 8. A curve showing the behatar &bsence of
friction is also shown. Using reasonable values for the model parameters resulecoe@able
fit to the experimental data considering this simple model.

The evolution of frictionstresses athe sample/platen interface is in general extremely
complicated, dependentpon boththe materialresponse andubrication conditions at the
interface. This will be investigated ofetail in a laterseries of experiments and simulations;
however,the presenftocus shall be on thenitial stages of deformatio(c10% strain) where
friction is considereatonstant. In thisegime it is of interest to examine the role that friction
plays in altering the nominally homogeneous deformation and making comparisotisewim
observations.

A finite-element simulation of the compression sample was performed using Coulomb friction
to model the sample/platen interface and a crystal plagti@tyconstitutive relation to model the
specimen. The platens were modeled using isotropic elasticity. A crystal plasticity model similar
to that of Kothari and Anand18] has been implemented in the implicit finite element code
Nike3D [19]. The material parameters al@®sen to be those used by Kothari and Anand, with
the following exceptions. The initial flow stress and hardening rate were selected to be consistent
with the above values af, and H forthe [011] orientation and linear hardenimgas assumed.



Independent hardening of tlsip systems isised, since extensivdatent hardeningdata are
unavailable. Slip on both the {112} arick {110} slip-planes is consideredThe coefficient of
friction at the sample/platen interface is taken0a38, consistent withthe aboveobservations.
Using these parameters, models of batie entire sample and one-eighth the sample were
constructed using 243 and 162 elements, respectivéynce the simulation of thentire
specimen essentially duplicated the plane-strain deformabearved inthe experiments, we
shall focus onthe one-eighth of the specimen modelgith 162 elements and three symmetry

planes.

250

— ] -------Experimental Data
© 1 — — -High Friction Model .~
O 200 Low Friction Model .’.-‘/
é 1
0 i
$ 150
= 1
n i
> J
c lOOi
) i
Q I
c 50
>
cC b
LL i

O I I I I I

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Engineering Strain
Figure 8. Comparison dhe experimental and simulatstitess-strain response the [011] Ta

single crystals. Calculations were performed with botbw and high friction models and
revealed the strong influence of friction on the measured constitutive behavior.

An elementary crystal plasticity calculatif20] indicates that uniaxiatompression in BCC
metals along th§011] axis inthe absence of frictioehould result in homogenous compression

and an associated elongation along the [100] axis. The deformation is containedihwi(bﬂi)

plane and the lattice rotation is zero. The presence of frictional forces altgrtilms, resulting
in inhomogeneous deformation and associated crystal rotations.

This can be seen in the finite element simulation shown in Figure 9. For an applied strain of
6%, the lattice rotation in the corner regions is almost two degrees, whderitval region of the
sample is essentially unrotatedhe axis of rotation igarallel to the normal of the plane of the
deformation. The deformation and rotations are essentially two-dimengwaalthough this is
a full three-dimensional calculation. The overall deformation pattern and the magnitude of the
lattice rotations are irgood agreemenwith the OIM observations; howevethe details of the
lattice rotations are not. To explore this further, higher resolution simulations were performed.

In order to reduce the large computatiobatden of three-dimensional calculatiotig two-
dimensional nature of the deformatiovas exploited. Aslice of the sample parallel to the
longitudinal section was modeled assuming that it deformed in pteaia. This appears to be a
good approximation in light of the above experimentaervations. In doingo, finely meshed
finite-element simulations could heerformed in a fewdays. The mesh size inthe corners
corresponds to 1Qum, with over 400elements in the entirenodel. All other features
(constitutive parameters, friction coefficient, etc.) of the modeidantical to thepreviousthree-
dimensional case. The results of this simulation are shown in Figurdhe maximum rotation
has increased to ~2.3 degrees and the deformation pattern in the corners has become sharper and
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Figure 9. One-eighth section of full three-dimensional finkéement simulation of crystal
rotations caused by compression deformation pittiten friction. Maximum rotations of 1.6
degrees occur in the upper-right corner, while the center remains unrotated. Applied strain: 6%.
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Figure 10. High resolutionfinely meshed,plane-strain finiteelement simulation of crystal
rotations caused by compression deformation wigttenfriction. Maximum rotations of 2.3
degrees occur in the upper-right corner, while the center remains unrotated. Applied strain: 6%.



more well defined. Experimentation with different mesh sizes and the number of elements leads
to the conclusion that the finite element solution exhibits the well-known size effect of classical
computational plasticity[21], i.e., without a length scale in the plasticity model, the finite element
solution is dependent upon the size of the mesh used in the calculation. It is for this reason that
higher resolution calculations with even finer meshes have not been employed to examine the
rotations observed by OIM at the smallest scale.

CONCLUSIONS

Friction exerts a significant effect in the compression deformation dDfiig single crystals
giving rise to an enhancementtbe apparentlow stress at strains in excess of 20Vhe two
dimensional nature of the deformation exacerbates the effects of platen friction. dodfrstthe
enhancement can be explained by frictional effects withowking crystal plasticity. The
macroscopic lattice rotations at small strains (<10%) predicted by finite-element calculaiians
a Coulomb friction model are in reasonable agreematht OIM observations. Higher order
deviations of the experimentadsults from simplenodel calculations are likely the consequence
of crystal plasticity. Frictional effects driattice rotations at the sampleorners whichlikely
spawn inhomogeneous bands of deformation throughout the sample. The bands, which are ~2 to
5 um in width and bounded by low angle boundaries, evolve with sffam.resolution of these
fine-scale lattice rotations awaits themplementation of a scale-dependent crystal plasticity
formalism needed to remove the mesh dependence of the finite element solution.

The authors thank Mr. Robert K. Kershaw for perforntimg metallography, ankls. Mary M.
LeBlanc for mechanicaksting. This work igperformed undethe auspices ofJ).S. Department
of Energy and Lawrence Livermore National Laboratory under contract No. W-7405-Eng-48.
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